LBP [LPS (lipopolysaccharide)-binding protein] and BPI (bactericidal/permeability-increasing protein) are components of the immune system that have been principally studied in mammals for their involvement in defence against bacterial pathogens. These proteins share a basic architecture and residues involved in LPS binding. Putative orthologues, i.e. proteins encoded by similar genes that diverged from a common ancestor, have been found in a number of non-mammalian vertebrate species and several non-vertebrates. Similar to other aspects of immunity, such as the activity of Toll-like receptors and NOD (nucleotide-binding oligomerization domain) proteins, analysis of the conservation of LBPs and BPIs in the invertebrates promises to provide insight into features essential to the form and function of these molecules. This review considers state-ofthe-art knowledge in the diversity of the LBP/BPI proteins across the eukaryotes and also considers their role in mutualistic symbioses. Recent studies of the LBPs and BPIs in an invertebrate model of beneficial associations, the Hawaiian bobtail squid Euprymna scolopes' alliance with the marine luminous bacterium Vibrio fischeri, are discussed as an example of the use of non-vertebrate models for the study of LBPs and BPIs.
Introduction

LBP [LPS (lipopolysaccharide)-binding protein] and BPI
(bactericidal/permeability-increasing protein) are closely related proteins involved in innate immunity. LBP, which is produced largely by hepatocytes, is secreted into the bloodstream, where it binds LPS and catalyses the extraction and transfer of individual LPS molecules to CD14, forming a monomeric LPS-CD14 complex that is a key intermediate in the delivery of LPS to MD-2/TLR4 (Toll-like receptor 4) and TLR4-dependent cell activation. BPI, which is produced by neutrophils, has higher affinity for LPS and bacteria, is bactericidal and represses inflammation by preventing LBP from delivering LPS to CD14 [1] . Much of our knowledge of the functions of LBP and BPI relates to their roles in host response to acute pathogenesis involving Gram-negative bacteria or LPS in the bloodstream. LBP is also believed to play a role in the handling of LPS that has been absorbed across the intestinal barrier (a more common process with high-fat diets), helping to shuttle LPS to lipoproteins and chylomicrons, modulating monocyte/macrophage activation and pro-inflammatory cytokine secretion [2] .
Members of this protein family and their relatives also function in other sites that interact with bacteria, most notably along the mucosal surfaces. For example, BPI is not only found in neutrophils and their secretions; it is also produced in human and mouse epithelia, including intestinal epithelia. As in the blood, it has bactericidal effects and blocks endotoxin signalling [3, 4] . Pro-inflammatory mediators have little effect on its expression, but an anti-inflammatory eicosanoid of the lipoxin pathway has been shown to increase epithelial BPI expression [4] . Because diverse assemblages of bacteria promote health of the mucosa, it is likely that the activities of the LBPs, BPIs and their relatives at these sites function not only in defence but also to modulate responses to the essential microbial partners. Although these immune proteins have not been studied in this capacity, their principal ligand, LPS, has. Specifically, host recognition of the normal microbiota in the gut is important for resistance to epithelial injury and critical for gut homoeostasis. Oral administration of LPS can mimic the effects of intact bacteria [5] . The circumstantial evidence taken together suggests that members of LPB/BPI protein family participate in control of the normal microbiota.
LBP and BPI have been most extensively studied in mammals, but myriad examples of related proteins occur throughout the animal kingdom and even in other eukaryotes. Several invertebrate species that have LBP and BPI orthologues provide simpler, more tractable models of bacterial interaction with animal epithelia. Unlike the mammalian mucosal surfaces, which typically harbour hundreds to thousands of bacterial phylotypes, these sites in the invertebrate often support partnerships of low diversity, with single to a few microbial phylotypes [6] .
Several experimentally tractable invertebrate systems are being exploited as models of animal-bacterial interactions [7] and promise to shed light on the role of LBP and BPI in both pathogenic and non-pathogenic associations. In addition to offering relative simplicity, the study of invertebrate systems reveals features that are evolutionarily conserved across the animal kingdom and, as such, can provide insight into the essential functional features of proteins, such as LBP and BPI. Analogous contributions to the study of TLRs in humans were the result of the discovery and characterization of these proteins in the fruitfly Drosophila melanogaster. Further, similarities between regulation of the transcription pathway in Drosophila development and NF-κB (nuclear factor κB) activation in the mammalian immune system prompted investigations that revealed the immune role of Toll in Drosophila and spurred advances in the study of mammalian immune systems [8] .
This review will first discuss the relevant features of mammalian LBP and BPI to set the stage for comparisons across the animal kingdom. Then, we will introduce examples of similar proteins in the non-mammalian vertebrates, the invertebrates and in other eukaryotes. Finally, we will discuss the applications of several of these as models, with special emphasis on the squid-Vibrio system, for research on the basic nature of the biochemistry and physiology of members of the LBP and BPI protein family.
Characteristics of LBP and BPI in mammals
LBP and BPI have a characteristic, conserved two-domain 'boomerang' structure, with an N-terminal domain and a C-terminal domain that share little sequence identity, but are very similar in overall architecture. The N-terminal domain carries out binding of LPS, but the precise LPSbinding site is still a matter of some conjecture. LBP and BPI are part of a wider family of lipid-binding proteins that includes members whose functions are not directly related to bacterial pathogenesis, such as CETP (cholesteryl estertransfer protein) and PLTP (phospholipid-transfer protein). While these proteins are not the focus of this discussion, it is worth mentioning that they share this basic architecture [9] . Certain PLUNCs (palate, lung and nasal epithelium clones) have only a single BPI domain [10] .
More basic residues occur in the N-terminus of human BPI than in LBP, a pattern common to the other mammalian LBP/BPI proteins; this feature is believed to promote improved binding to bacterial membranes [1, 11] . However, several basic residues are conserved between LBP and BPI of humans, cattle, mice, rats and rabbits. These occur at the positions corresponding to human LBP residues Arg 42 , Arg 48 , Lys 92 , Lys 95 and Lys 99 [11] . Arg 94 has also been implicated as important for LPS binding [12] , although it is not universally conserved. Based on the crystal structure of BPI [13, 14] , these residues are near each other, close to the tip of the protein's N-terminal domain [11] . Four of these five residues (except Lys 95 ) form a structural motif for binding LPS that is also present in proteins such as Escherichia coli FhuA, lactoferrin, lysozyme and LALF (Limulus antibacterial and anti-LPS factor) [15] , which are proteins that also interact with the surfaces of Gram-negative bacteria [16] [17] [18] .
Data from mutagenesis experiments generally support the importance of the conserved residues. The replacement of three positively charged human LBP residues, Lys 92 , Arg 94 and Lys 95 , with alanine dramatically reduces the protein's LPS-binding capability [12, 19] . The positive charge corresponding to LBP Arg 94 is common, but not universally conserved among mammalian LBP/BPI proteins; in the aligned sequence of human BPI, a glutamine residue fills this position instead [11] . These residues are not necessarily present in more distant members of this protein family, such as human CETP and PLTP, even where the basic architecture of BPI is believed to be retained [9] .
Human BPI contains two apolar lipid-binding pockets. In the crystal structure, these contain phosphatidylcholine, but their role in interactions with LPS is unclear [14] . Unlike CD14 and MD-2, complexes of BPI (or LBP) with individual LPS monomers have not been described. Existing evidence strongly suggests that the primary interaction of BPI and LBP with LPS is with interfaces containing large numbers of LPS molecules packed closely together, such as aggregates of purified LPS, outer membranes of Gram-negative bacteria or shed outer membrane vesicles [1] . These interactions appear to be driven by electrostatic interactions between multiple anionic groups clustered within the inner core/lipid A region of LPS and clusters of cationic residues concentrated at the tip of the N-terminal domain. The higher concentration of net basicity of BPI against LBP in this region correlates with the higher affinity of BPI (compared with LBP) for these LPS-rich interfaces [1, [11] [12] [13] [14] .
Analysis of amino acid sequences of other proteins in the LBP/BPI family suggests that they contain these pockets as well [11] . The LBP/BPI family has a conserved disulfide bond, which is present between Cys 132 and Cys 175 of the N-terminal domain in human BPI [11] . This disulfide bond and associated residues are also present in related proteins, such as CETP and PLTP [13, 20] .
Beyond mammalian LBP/BPI
In recent years, the study of LBP and BPI has expanded beyond mammals. This family of proteins appears to be ancient. Proteins with BPI-like domains occur even outside the metazoans, such as in Monosiga brevicollis, which belongs to a group of marine choanoflagellate protists considered ancestral to the metazoans [21, 22] . Phylostratigraphic analysis, a method in which all available sequence information for the biological world is considered in the construction of phylogenetic relationships, suggests that the CETP family emerged before the last common ancestor of today's eukaryotes, although this analysis does not make mention of the point at which LBP and BPI emerged [23] .
Apart from mammals, members of the LBP/BPI family have been reported in other vertebrates, including fish such as the rainbow trout Onchorhynchus mykiss [24] and Atlantic cod Gadus morhua [20] , and birds, such as the chicken, Gallus gallus, which has a BPI but not LBP [25, 26] . They also exist in various invertebrates. Caenorhabditis elegans has multiple proteins with high-sequence similarity to LBP [25] , and the freshwater snail Biomphalaria glabrata has several variants as well [27, 28] . These few examples serve to demonstrate that LBPs and BPIs are widespread among the non-mammalian animal groups.
A few themes emerge on analysis of the structure of these non-mammalian proteins. The BPI disulfide bond is ubiquitous, being present in BPI family members as distant as the tunicate Ciona intestinalis [20] and, a simple ClustalW alignment suggests, as far away as the protist M. brevicollis. Many non-mammalian LBP/BPI proteins are predicted to have the basic 'boomerang' two-domain fold of human LBP and BPI [25] . It is generally believed that the ancestor of LBP and BPI was a single-domain protein whose gene was duplicated [25] , although the two-domain structure is common. Cases of LBP/BPI proteins with one domain have been reported, such as one of three BPI-family proteins in the sponge Amphimedon queenslandica [29] . However, in this case it is believed to have arisen from a neighbouring, two-domain LBP/BPI gene.
Some animals have abandoned LBP/BPI altogether. For example, D. melanogaster does not have an LBP/BPI and uses PGRPs (peptidoglycan recognition proteins) to detect Gram-negative bacteria [22] . D. melanogaster also has a GNBP (Gram-negative bacterial-binding protein) capable of binding LPS and β-1,3-glucan [30] . GNBP and the related LGBP (LPS-and β-1,3-glucan-binding protein) are present in numerous arthropods and molluscs, e.g. the mosquito Anopheles gambiae [31] and freshwater crayfish Pacifastacus leniusculus [32] . They are similar to CD14 and resemble defective β-1,3-or β-1,3-1,4 -glucanases, possessing a functioning β-1,3-glucan-binding site, but missing, in at least some cases, two glutamate residues believed to be important for catalytic activity [31, 33] .
In animals that do have an LBP/BPI-like protein, there may be divergence from characteristics conserved in these proteins in mammals. Some features of mammalian LBP and BPI are better conserved than others. The Atlantic cod G. morhua has positively charged residues corresponding to positions 42, 48, 92 and 99 of human BPI or LBP, but not position 95, i.e. it retains most sites believed to be important to LBP/BPI function [20] . More distantly, a protein of this family in the oyster Crassotrea gigas lacks basic residues corresponding to Arg 42 and Arg 48 in human LBP, although it does share basic residues by alignment with LBP and BPI in other positions, including the positions corresponding to Lys 92 , Lys 95 and Lys 99 [34] . In contrast, a BPI-like protein obtained from haemocytes of the snail B. glabrata [27, 28] , when subjected to a ClustalW alignment by the authors of this review, did not obviously retain any of the positive charges corresponding to human LBP residues Arg 42 , Arg 48 , Lys 92 , Lys 95 and Lys 99 , although in several cases positively charged residues were close and may be functionally relevant in LPS binding. These invertebrate proteins also have small insertions or deletions relative to human LBP and BPI, and their structures are not available, and so it is difficult to know exactly how these differences affect binding of LPS and other factors. Both the invertebrate proteins mentioned in this paragraph appear to retain the conserved disulfide bond. Nevertheless, this variation across the animals does raise questions about how these proteins function and what elements are required for LBP or BPI activity.
Because of differences from canonical residues in the nonmammalian proteins, and because mammalian LBP and BPI are believed to have arisen from a gene duplication after the radiation of the mammals [24] , one might plausibly question whether LBP and BPI are meaningful as distinct categories outside of mammals. Some insight may be obtained from considering other aspects of the proteins' chemistry and activity. Human BPI has a higher pI (roughly 9.4) than human LBP (roughly 6.3) [35, 36] , and it is generally assumed that invertebrate proteins will have a similar pattern. The most effective approach to determine whether pI correlates with antibacterial activity typical of BPI-like proteins, and thereby to distinguish candidate BPI from an LBP-like protein, is experimental analysis. The protein of the cod G. morhua mentioned above, e.g., is up-regulated in the blood and peritoneum of the fish after intraperitoneal injection of bacteria. Its expression pattern is more similar to mammalian BPI than LBP, although to the best of our knowledge it has not been determined whether the protein has any bactericidal activity like BPI [37] ; the predicted pI of this protein based on information provided by Solstad et al. [37] and computed using ExPASy ProtParam [36] , is roughly 10, supporting its identity as a BPI. The C. gigas protein binds LPS, is bactericidal and has a predicted pI of 9.3, making it more functionally similar to human BPI than LBP. This protein is constitutively expressed in epithelial tissues and is also upregulated in haemocytes in response to bacterial challenge from non-pathogenic marine organisms [34] .
We are not aware of a comparably well-characterized non-mammalian protein that functions more similarly to human LBP than BPI, although there are related invertebrate proteins with a charged residue profile more similar to human LBP than human BPI, such as those in the sponge A. queenslandica [29] . It is possible that comparing the LPSbinding functionality of LBP/BPI variants, between and within species, will contribute to improved knowledge of the molecular activities of these proteins.
Towards models of LBP/BPI function in mutualism and development
Several of the animals mentioned above offer the opportunity to study LBP and BPI function in experimentally tractable systems. For example, researchers have begun using molluscs to study LBP and BPI in development. In the snail B. glabrata, egg mass fluid contains significant quantities of LBP/BPI, suggesting its utilization in parental immune protection of offspring [28] . Notably, this protein's sequence differed from 
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a previously characterized LBP/BPI from haemocytes of the same species, suggesting that different isoforms serve alternative functions in B. glabrata [28, 27] . In the oyster C. gigas, larvae develop as free swimming forms in the plankton, exposed to ∼10 6 bacteria/ml of seawater [38] . BPI transcript was detected throughout larval development of this species, increasing markedly around the time of the differentiation of epithelia. Experiments in which these larvae were challenged with both Gram-positive and Gram-negative non-pathogenic bacteria, including two Vibrio species and Micrococcus luteus, demonstrated that transcription of this BPI increases in the larval stage in a bacterial dose-dependent manner [39] . These observations suggest a role for the BPI in immune defence during the developmental process, a time when the larvae are highly vulnerable to bacterial settlement.
Another system ripe for the study of LBP and BPI is the Hawaiian bobtail squid Euprymna scolopes and its partner, the bioluminescent bacterium Vibrio fischeri. These organisms form a binary (one animal, one bacterial species), easily evaluated and easily manipulated symbiosis, in which bacteria colonize the squid's light organ and produce light. As such, these organisms provide an excellent model system for a number of research questions, among them the role of LPS in chronic, beneficial colonization of an epithelial surface by Gram-negative bacteria [40] .
During the process of bacterial colonization of the light organ, the MAMPs (microbe-associated molecular patterns) of V. fischeri play a central role in symbiont-host communication. Most notably, these molecules induce the transformation from a host-organ morphology that promotes symbiont colonization to one that facilitates the organ's mature function in bioluminescence production. The most conspicuous feature of this process is the loss of a superficial ciliated field that facilitates harvesting of the symbionts from the seawater. This developmental program involves a series of cellular and biochemical events, including haemocyte trafficking, apoptosis and attenuation of the levels of nitric oxide synthase and its product, nitric oxide. V. fischeri MAMPs work in synergy to trigger all of these events [41, 42] . Specifically, lipid A induces early-stage apoptosis of E. scolopes epithelial cells, as the light organ adapts to the presence of the symbiont [43] , and LPS, working in concert with the PGN (peptidoglycan) monomer, triggers the completion of the apoptotic process. This pattern of LPSinduced apoptosis is not unique to the Euprymna/Vibrio system, as the ability of LPS to induce host cell apoptosis has been investigated in other species [44, 45] , generally with a focus on pathogenesis rather than mutualistic association.
Many of the details of this morphogenetic process in the squid-Vibrio symbiosis, however, are still incompletely understood. Among these, given the apparent importance of LPS in the developmental process, is how E. scolopes detects the presence of bacterial LPS in the light organ and how LPS functions in synergy with the PGN monomer. As it turns out, E. scolopes possesses at least three light-organ proteins in the LBP/BPI family, which have recently been sequenced ( Figure 1 ). The expression of one of these proteins, EsLBP1, has been evaluated in the context of establishment of reside following colonization of the organ. In (B and C), nuclei, blue (TOTO-3); actin, red (rhodamine-phalloidin). e, eye; t, tentacles. For confocal microscopy methods, see [46] .
mutualism. Eighteen hours into colonization, at which point apoptosis and epithelial regression are well underway, eslbp1 mRNA is up-regulated roughly 9-fold over comparable, symbiont-free control animals. EsLBP1 protein itself has been detected in the animal's bacteria-containing crypt spaces at the same time point (Figure 2 ) [46] . The patterns of occurrence of three distinct EsLBPs in the light organ may enable the tissues to use LPS to signal the variety of processes in which it is implicated. This type of strategy has already been described in this system. Specifically, previous studies of the symbiosis have characterized some of the EsPGRPs in the light organ; genes encoding four members of this family are expressed in the hatchling organ. In-depth analyses of two of the proteins, EsPGRP1 and 2, have demonstrated that a mechanism by which the animal can respond to PGN over the trajectory of early development is to deploy the isoforms at different times and in different locations in the organ [47, 48] . The biochemical properties of both the EsLBPs and the EsPGRPs, along with their presence and relative importance in haemocytes, the light organ epithelium and extracellular crypts, are at present being evaluated. The results of such studies promise to shed light on how animal epithelia interact with the LPS and PGN as individual MAMPs, as well as how these MAMPs synergize to trigger host responses.
Conclusion
In light of the fact that all animal body plans arose in the Cambrian, some 520-540 million years ago [49] , in the context of the bacteria-rich environment of the oceans, it is not surprising that the animals have developed mechanisms to respond to the surface molecules of members of the bacterioplankton. These responses may involve exploiting bacterial molecules for defensive purposes or as signals for normal development and homoeostasis. Analyses of the current genomic databases are revealing that members of the LBP/BPI family of proteins represent an ancient means of recognizing MAMPs. Proteins similar to mammalian LBP and BPI exist in diverse organisms, with some residues strictly conserved and others forming common motifs. Opportunities exist to examine these proteins and determine core features of LBP and BPI. Additionally, these discoveries are occurring as we become increasingly aware of the full spectrum of symbiosis, from pathogenesis to mutualism.
